Martensitic transfromation in TiNi alloys of the near-equiatomic composition has been studied by utilizing electron microscopy and diffraction under various thermal treatments. It has been observed that the martensitic transformation is associated with the variants of the product. Two orientations of the martensitic phase were observed as adjacent regions in quenched alloys. These orientations were forming in such a manner that they bore a common (111) plane and their b and show internal twinning on (010) plane. The formation of these variants is considered in relation to the existing theories of the martensitic transformation. A possible mechanism of the shape memory phenomenon is also discussed.
I. Introduction
In earlier reports (1)(2) on the martensitic transformation in Ti-Ni alloys of the near-equiatomic composition, it has been shown that there are at least six martensite or martensite-like structures in these alloys. Four out of these six are stacking modulated structures of the types 2H, 3R, 4H, and 4R and have orthorhombic unit cells. These martensites are formed on the close packed (111) plane of the CuAu-type basic structure. In certain orientations of the foil, it was observed that, two sets of reflections appeared simultaneously in our electron diffraction studies. These constituted the bulk of the specimen and were indexed on the basis of two monoclinic martensitic is very consistently observed through the investigation and it was not clear whether to treat this set of reflections as a slightly distorted variant of the same transthe other set of reflections as a separate phase initially.
In the present report the other set of reflections will be treated as a variant of the same transformation, the reason for this interpretation will be clarified in later sections.
In the past, many attempts have been made to correlate the mechanical memory property of these alloys (5)(6). Fig.1(a) , from the alternating platelet morphology of the martensite and its variant. The crystal structure and the lattice parameters were found to be the same as those reported earlier (2). Fig.1(b) shows an electron diffraction pattern derived from the middle area of Fig. 1(a) . It is clear that the pattern consists of two sets of reflections which are twin related to each other with the (111) plane as the twinning plane of the martensite. One can note the absence of (010) superlattice reflection modulation on the close packed (111) plane of the CuAu-type structure. Utilizing dark field techniques, the alternating platelets in Fig.1(a) have been confirmed to be twin related. An Approximate trace analysis has revealed that the (111) twin plane coincides with the interface of the alternating platelets. A strong streak is observed to lie in a direction perpendicular to the (111) twin plane.
Figure 2(b) shows another electron diffraction pattern obtained from a 45% Ni alloy quenched after is the presence of superlattice reflections which gave rise to additional reflections from a double diffraction effect. All other features including the twin plane and the direction of streaking are similar. The bright field image of the area from which the electron diffraction pattern of Fig.2 (b) was derived shows a similar alternating platelet characteristic which infers a twin relation, Fig.2 (a). This sample had many areas in which (111) twinning was apparent.
Electron diffraction patterns showing (111) twinning plane for the martensite were also recorded as shown in the diffraction pattern of Fig.3 (b) which represents a (110) type zone axis. All reflections that appear in this diffraction pattern are allowed except for those of the type (001) which can only occur by a double diffraction effect. This diffraction pattern was derived from the area labeled A in Fig.3(a) , which is a bright field image obtained from a 48% Ni alloy confirmed in some cases from the presence of straight thickness fringes lying parallel to the common interface. The electron diffraction patterns obtained from such regions showed no additional reflections from the parent bcc phase in contrast to the quenched samples which always showed these reflections. Some of the results on these will be described later. The thickness of the alternating regions of the martensite and its twin was not equal. These were found to vary from 1: 1.5 to 1: 3. The thickness ratio was further affected in the tilting experiments in the same region, often revealing a reversal of contrast.
In addition to the (111) twinning which was very frequently observed, (011) twinning was observed in some occasions. The electron diffraction pattern of orientation of the foil. All reflections of this electron diffraction pattern are allowed by the structure factor of the 2H modulation on the CuAu type structure. The morphology was again found to be alternating platelet type as observed for the (111) twinning. In order to study the effect of low temperature aging regions which was replaced by an internally twinned structure on the (010) Other compositions also produced evidence of (010) twinning in these alloys. The alternate platelet morphology and internal striations within the platelets, however, were not so distinct as observed in the case of a 45%Ni alloy. An electron micrograph and the corresponding diffraction pattern revealing such a characteristic are shown in Fig.6 . On comparing the diffraction patterns of Figs.5(b) and 6 it is apparent that they are identical. The direction of streaking and the morphology are again quite similar except for the striations which are less dense. It is believed that the transformation to the twin variant is not completed in these regions. This is revealed in the electron diffraction pattern of Fig. 7 which also shows the area from which this pattern was derived. The common trace of the two planes is the (111) twinning plane which coincides with the , it is seen that when the primary martensite plate is twinned on (111) plane, the (020)A reflections will almost overlap the (111)B reflection. Thus fine striations within the plates due to internal twinning will lie almost parallel to the trace of the (111) plane which is the common plane of the martensite and its variant. This is what is precisely observed in the microstructure of the area from which the electron diffraction pattern of Fig.8(a) was derived, Fig.8(c) . This is also very consistent with those reported earlier.
Another very interesting feature that is observed in these alloys is the simultaneous formation of two phase during the martensitic transformation. The alternating platelet morphology from a different specimen in this particular orientation is shown in Fig.9(c) .
The following approximate orientation relationship between the parent and the product phases A:
and those between the variants of the martensitic phase can be noted. The direction of streaking is inclined by (111), (111) and (101) reflections of Fig.10(a) .
to the twinning case where it was parallel to the above plane normal. The microstructure in these cases indicated an alternating platelet type, the common interface of the two variants was found to be the (111) plane.
The electron diffraction pattern of Fig.10 and the associated bright field and dark field electron micrographs further show the formation of two variants of (112) orientations are lying parallel to the electron beam. The morphology is again alternating platelet type as proved in the subsequent dark field photographs. In many occasions, only one set of reflections from the phase was observed. This was primarily due and not from an absence of the variant of this phase.
Another orientation in which variants of the martensitic phase was observed is shown with the aid of the diffraction pattern of Fig. 11 . The pattern suggests that the alternating platelets are in (101) and (121) orientations. The platelet morphology is accompanied by interfacial dislocations in such a case as shown in the bright field image of Fig.11(b) . In rare occasions these alternating platelets revealed the dislocation structure very clearly, Fig.11(c) . These were generally observed under tilting of the foil, the exact orientation, however, was difficult to determine because of an incomplete diffraction pattern under such conditions. It should be mentioned that dislocations at the interface of the martensite and its variants were very rarely observed in these alloys. It has been observed that variants of the same transformation whose b and c axes are interchanged were most common to appear. The combination of other variants are shown here to complete the other possibilities that were experimentally observed. The following table gives a summary of the martensite variants observed under a variety of heat treatments.
IV. Discussion and Summary of Results
The orientation relationship between parent and the martensitic phase has been observed to be as those reported for the body centered cubic to orthorhombic transformation in Au-Cd (7) alloys. By utilizing the respective lattice parameters, the planar orientation relationship between these phases is represented by stereographic projections of Fig.12 .
The deviation between various planes of the bcc lattice and the corresponding planes of the monoclinic lattice is within reasonable limits as observed in the electron diffraction patterns of Figs.3 and 9.
A direct calculation of the habit plane could not be attempted as can be realized from the complexities The martensitic transformation in TiNi alloys is observed to show three different twinning planes, i.e., (111), (011), and (010). The first of these three planes, i.e., (111) is the twinning generally observed in many nonferrous martensitic products where the starting structure is of the bcc type(9)(10) The (111) twinning in other alloy systems (AuCd, Cu-Al, etc.) has been interpreted as inhomogeneous transformation distortion. We assign the same interpretation to this twinning in the TiNi alloy and therefore it confirms with the crystallographic theories of the martensitic transformation after W-L-R(11) and Bowles and class A transformation in terms of the martensitic theories. In class B transformation, generally observed in Ti base alloys, the (011) plane of the orthorhombic lattice acts as a twinning plane and is generated from the (001) bcc plane. In the present investigation there was only one instance where (011) twinning was observed, Fig.4 . This does not give sufficient evidence to warrant a class B transformation in these alloys and thus can be regarded as accidental. The planes of reflection symmetry of a bcc lattice are the {100} and {110} planes. The (110), (110), (101), and (101) bcc planes correspond to four {111} planes of the martensite and the choice of one of these possibilities simply leads to a variant of the same transformation. The (111) twinning observed in these alloys can be regarded as a variant of the (111) twinning. The (010) twinning should not be observed when the martensitic product has an orthorhombic lattice as would be the case in AuCd alloys. Because then the twinned crystal will be identical to the main structure and would not generate additional reflections from the twin. In the present study where a and b axes of the martensitic other, the (010) twinning is feasible. The exact reason for such a transformation in terms of the crystallographic theories, however, is not understood. The monoclinic martensite of the TiNi alloy is very similar to the orthorhombic product observed in AuCd alloys (9) . In both these alloy systems, the martensite is generated from a CsCl type lattice. Because of the cubic symmetry of the parent, the single
